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Abstract 
 Reactive oxygen species (ROS) play a key role in aging and various degenerative diseases, including cardiovascular, 
neurodegenerative, and chronic inflammatory diseases. Astaxanthin (ATX) exhibits potent antioxidant activity but its 
application is limited by poor solubility and stability. Liposomes are promising drug carriers but suffer from instability 
and leakage issues, which can lead to vesicle leakage and low entrapment efficiency. This study aims to investigate the 
potential of alginate-coated astaxanthin-loaded liposomes to improve antioxidant activity and stability. ATX-loaded 
liposomes (ATX-Lip) were prepared using thin film hydration method and then modified with an alginate coating. The 
formulations were characterized based on particle size, zeta potential, entrapment efficiency (% EE), and morphology. 
Furthermore, in vitro drug release, antioxidant activity and storage stability were evaluated. ATX-Lip with a soy lecithin-
to-cholestrol ratio of 9:1 exhibited the best characterization results and was therefore selected for coating using alginate. 
Modification of alginate coating on ATX-Lip (NA-ATX-Lip) successfully increased the zeta potential value from –8.57 
± 0.61 to –44.90 ± 0.1 mV and an increase in %EE with a difference of 9.32%. This is in line with the results of in vitro 
antioxidant activity where there was a decrease in the IC50 value of ATX by 27.49 to 20.12 ppm in the NA-ATX-Lip 
formula. This study demonstrates that the alginate coating of ATX-loaded liposomes was successfully achieved and the 
resulting NA-ATX-Lip formulation was proven to increase antioxidant activity. Moreover, alginate surface modification 
also enhanced the protective capacity of the ATX-Lip system by reducing degradation and minimizing structural 
alterations during storage.  
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Introduction 
 Reactive oxygen species (ROS) play a key role in 
aging and various degenerative diseases such as 
cardiovascular, neurodegenerative, and chronic 
inflammatory diseases. Therefore, the search for natural 
antioxidants with a high radical-neutralizing capacity 
has become a focus of global research. One of the most 
potent antioxidants known is astaxanthin (ATX), a 
lipophilic keto-xanthophyll carotenoid with a long poly-
conjugated structure and polar groups at both ends of the 
molecule, which allow it to interact with lipid layers and 
biological systems [1-3].  

  
 
 Astaxanthin exhibits significantly stronger free 
radical scavenging and lipid oxidation-inhibiting 
abilities than other carotenoids. Its antioxidant activity 
includes quenching, scavenging reactive oxygen 
radicals (ROS), and protecting lipid membranes due to 
the orientation of the ATX molecule in the lipid layer, a 
mechanism also associated with modulation of 
antioxidant signaling pathways such as Nrf2/ARE and 
inhibition of NF-κB [3-5]. Thus, the structural stability 
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of ATX is crucial for the effectiveness of its antioxidant 
activity. 
 Despite its considerable biological potential, the 
practical application of ATX in pharmaceutical, food, 
and cosmetic products is limited due to its high chemical 
instability and very low water solubility [6-9]. ATX is 
prone to oxidation, cis/trans isomerization, and 
degradation when exposed to heat, light, oxygen, and pH 
variations, leading to a significant reduction in its 
antioxidant efficacy [7-9]. 
 To overcome these challenges, various 
encapsulation approaches have been developed, 
including microencapsulation (using polymers such as 
alginate, chitosan, or zein), inclusion complexes (e.g., 
cyclodextrins), emulsions, polymeric nanoparticles, and 
liposomal systems [10-13]. Among these, liposomes are 
particularly attractive because they mimic biological 
membranes, protect lipophilic compounds from 
oxidation, and improve their bioaccessibility [14-15]. 
Several in vitro studies have confirmed that liposomal 
ATX shows improved stability, color retention, and 
cellular uptake [16-18]. 
 However, liposomes still face limitations such as 
fusion, aggregation, and instability under 
gastrointestinal conditions, leading to premature leakage 
of ATX [10-12]. To address this issue, surface coating 
of liposome with biopolymers such as alginate, chitosan, 
or zein has been explored to improve physicochemical 
stability and controlled release [19-21]. Among these 
polymers, alginate is favorable due to its anionic nature 
and ability to form stable gels with divalent cations 
(Ca²⁺), which has been well described in structural 
studies of alginate [22]. However, even without ionic 
crosslinking, sodium alginate can interact 
electrostatically with positively charged liposomal 
surfaces, forming a stable adsorptive coating that 
enhances colloidal stability, modifies zeta potential, 
improves encapsulation efficiency, and protects ATX 
under acidic conditions [12,18,34]. 
 In comparison, chitosan, a polycation, provides 
mucoadhesive properties and enhances controlled 
release, while zein, a hydrophobic corn protein, offers 
excellent water resistance and compatibility with 
lipophilic molecules. Nevertheless, alginate is often 
preferred for liposomal coating due to its 
biocompatibility, low toxicity, and simple gelation 

process, making it suitable for pharmaceutical and food 
applications [19]. 
 Although several studies have reported the use of 
polymeric coatings for liposomes, the effect of alginate 
film thickness, crosslinking conditions, and ATX-to-
Lipid ratio on antioxidant and isomeric stability remain 
poorly understood. There is also limited information 
linking ATX chemical stability to its post-encapsulation 
antioxidant activity in alginate-coated systems. 
 Despite advances in nanocarrier systems, limited 
studies have examined the effect of alginate coating on 
the antioxidant preservation and release dynamics of 
ATX liposomes. To the best of our knowledge, this work 
is the first to systematically evaluate the impact of 
alginate surface coating on the antioxidant activity and 
storage stability of ATX liposomes. We hypothesize that 
alginate coating can improve structural stability, 
maintain antioxidant capacity, and enhance 
bioaccessibility of ATX. Therefore, this research aims 
to provide scientific insight into the application of 
alginate-coated ATX liposomes as stable antioxidant 
delivery systems for food, pharmaceutical, and cosmetic 
uses [6,13]. 
 
Materials and methods 
 Material 
 Astaxanthin (Fuji Chemical Industries, Japan), soy 
lecithin, cholesterol (Sigma-Aldrich), sodium hydroxide 
(NaOH) (Sigma-Aldrich), potassium dihydrogen 
phosphate (KH2PO4) (Sigma-Aldrich), chloroform 
(Sigma-Aldrich), Tween 80 (Sigma-Aldrich), methanol 
(Sigma-Aldrich), sodium alginate (NA) (Sigma-
Aldrich). 
 
 Method 
 Manufacturing of astaxanthin liposomes (ATX-
Lip) 
 A total of 100 mg total lipid phase (soy lecithin: 
Cholesterol) at ratios of 9:1 (F1), 8:2 (F2) and 7:3 (F3), 
together with 30 mg of astaxanthin (ATX), was 
dissolved in 20 mL of a mixture of methanol and 
chloroform (1:1) and mixed to form a homogeneous 
solution. This solution was evaporated using a rotary 
evaporator at a temperature of 40 °C with a speed of 60 
rpm. The resulting lipid film formed in the flask was 
then stored overnight in a desiccator. The next day, 
hydration was carried out using a phosphate buffer 
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solution pH 7.4 with the addition of 0.1% tween 80 at a 
temperature of 60 °C with a speed of 200 rpm for 120 
min. Subsequently, sonication was carried out with a 
sonicator probe for 30 min using an amplitude of 50% 
[24]. 
 Preparation of alginate-coated astaxanthin 
liposomes (NA-ATX-Lip) 
 Sodium alginate (NA) 0.1 % solution was 
dissolved in distilled water, then stirred at room 
temperature for 1 h. Then the optimum ATX-LIP 
formula was dropped into the NA solution with a 
volume ratio 1:1 and stirred at low speed at room 
temperature for 1 h to obtain NA-ATX-Lip. Then 
sonicated for 15 min and continued with centrifugation 
of 5,000 rpm for 30 min to separate the alginate residue 
[18]. 
 
 Characterization of ATX-Lip and NA-ATX-Lip 
 Particle size analysis of ATX-Lip and NA-ATX-
Lip was performed using PSA (Particle size analyzer). 
Approximately 1 mL of ATX-Lip or NA-ATX-Lip was 
diluted with distilled water, and the sample is stored in 
a flow-cell cuvette. The zeta potential is measured by 
placing the sample in a cuvette and placed on a zetasizer 
probe [16]. Morphological observations are performed 
using a negative staining system of a transmission 
electron microscope (TEM) set at 200 KV [17]. 
Determination of % entrapment efficiency (%EE) is 
carried out by inserting the sample into a viva spin tube, 
then centrifuged with ultra centrifugation at a 
temperature of 4 °C and a speed of 12,000 rpm for 1 h. 
The supernatant is collected to measure the levels of 
ATX that are not encapsulated by liposomes with a UV 
Vis spectrophotometer [9]. The calculation of %EE is 
done using the formula Eq. (1). 
 

% EE = 𝑄𝑄𝑄𝑄−𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄

× 100%                       (1) 

 
Qt is the theoretical amount of ATX added. 
Qs is the amount of ATX detected in the supernatant. 
 
 In Vitro drug release 
 A total of 5 mL of each formulation and powder of 
ATX, ATX-Lip and NA-ATX-Lip as a comparison, 
each was placed into a dialysis bag (MWCO 14000) and 
then placed into the dissolution medium. The 

temperature was maintained at 37 ± 0.5 °C and stirring 
was carried out at a speed of 50 rpm. Samples were taken 
as much as 5 mL at hours 0, 2, 4, 6, 8, 12 and 24 [18]. 
 
 
 Antioxidant activity test 
 The antioxidant activity of ATX-Lip and NA-
ATX-Lip preparations was tested using the DPPH 
scavenging assay method. Each sample was prepared by 
diluting it with methanol pro analys in various 
concentrations of 20, 40, 60, 80, and 100 ppm. The test 
began with 1 mL of 0.2 mM DPPH in methanol solvent 
added to 1 mL of the sample. Then, incubation was 
carried out for 10 min under light-protected conditions, 
and absorbance was measured at a wavelength (λ) of 
517 nm. All tests were carried out in triplicate. 
Furthermore, serial dilutions of ascorbic acid were also 
prepared to create a calibration curve. Ascorbic acid 
(vitamin C) was used as the reference antioxidant to 
compare the radical scavenging activity of the 
formulations. 
 
 Storage stability test 
 ATX-Lip and NA-ATX-Lip samples were stored 
at two different temperatures: room temperature and 4 
°C. After 28 days of storage, the colloidal properties and 
adsorption efficiency were tested [28]. 
 
 Data analysis 
 The data obtained from the characterization and 
evaluation were expressed as mean ± standard deviation 
(SD). One-way ANOVA analysis using SPSS software 
was performed to evaluate differences between groups. 
Statistical plots were used to study the effect of alginate 
coating on liposome characterization and evaluation. 
Results were considered significant if the p-value is < 
0.05 [29]. 
 
Results and discussion 
 Manufacturing of astaxanthin liposomes (ATX-
Lip) 
 Figure 1 illustrates the preparation of ATX-Lip 
using the thin-film hydration method. The preparation of 
liposomes using this method involves two main stages, 
namely the preparation of a thin layer of phospholipids 
by solvent evaporation followed by the hydration 
process [30]. In this formulation, soy lecithin acts as a 
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phospholipid material and cholesterol acts as a stabilizer 
in the liposome vesicle system [31]. Astaxanthin, which 
is lipophilic and soluble in methanol, is combined in the 
lipid phase in the first stage. To produce a thin film, 
solvent evaporation is carried out at a temperature of 40 
°C, the optimal temperature for evaporating organic 
solvents such as methanol and chloroform [32]. After 
the thin film dries, the film is stored in a desiccator for 

overnight to ensure that no organic solvent residue 
remains. On the following day, the hydration process 
was carried out using a phosphate buffer solution of pH 
7.4 at a temperature of 60 °C, the temperature required 
for the change from gel phase vesicles to liquid crystal 
phase, thereby facilitating the formation of liposome 
vesicles [33]. The final stage is sonication to produce 
liposomes on a nano scale [34].

 

 
Figure 1 Astaxanthin liposomal formulation procedure. 
 
 Preparation of alginate-coated astaxanthin 
liposomes (NA-ATX-Lip) 
 Figure 2 illustrates the preparation of NA-ATX-
Lip, using the optimized ATX-Lip formulation selected 
from the previous procedure. The modification of the 
alginate layer around the liposome surface is known as 
monolayer modification. When the ATX-Lip 
suspension is added dropwise to the sodium alginate 

solution, polymer adsorption occurs. This system does 
not require prior alginate functionalization, making it an 
efficient method of outer layer modification. The 
interaction between alginate and liposomes, as well as 
the arrangement of alginate on the ATX-Lip surface, 
will affect changes in charge, particle size, and stability 
of the NA-ATX-Lip system [35].

  
 
 
 



Trends Sci. 2026; 23(6): 12319   5 of 12 

 
Figure 2 Alginate-coated astaxanthin liposomes formulation procedure. 
  
 Characterization of ATX-Lip and NA-ATX-
Lip 
 Table 1 shows the results of the characterization 
of ATX-Lip with three variations of formula, with a total 
lipid phase of 100 mg and varied into three ratios of 
phospholipids and cholesterol. Overall, all formulations 
meet the requirements of nano formulations, namely 
particle sizes ranging from 1 - 1000, PDI values <0.7 
and zeta potential values are in the range of > ± 10 mV 
[26]. However, when viewed from the %EE, the best 
results are shown in F3, namely 77.77 ± 0.37% with a 
ratio of soy lecithin: Cholesterol (9: 1). Therefore, this 
formulation was selected as the ATX-Lip formulation 
for subsequent alginate coating. 
 Table 2 shows the changes in the characterization 
of colloidal properties before and after coating on ATX-
Lip. The particle size increased from 48.97 ± 2.86 nm to 
73.40 ± 1.36 nm proving that the alginate layer on the 
ATX-Lip surface was successful. This increase in 
particle size illustrates the presence of an additional 
layer of alginate surrounding ATX-Lip through the 
polymer adsorption mechanism [37]. The zeta potential 
value also increased from –18.57 ± 0.61 mV to –44.90 
± 0.1 mV. The increase in negative zeta potential after 
alginate coating can be attributed to the adsorption of –
COO⁻ groups on the liposome surface [38]. This 
increase proves that the presence of an alginate layer can 

increase the stability of the liposome system by 
preventing the formation of aggregation between 
liposome particles and increasing the repulsive force 
between particles. This occurs with a decrease in the PDI 
value from 0.6343 ± 0.12 to 0.48 ± 0.01, indicating that 
the resulting system became more homogenous due to 
the increased zeta potential [39]. The entrapment 
efficiency (%EE) value of NA-ATX-Lip was seen to 
increase from 77.77 ± 0.37% to 87.03 ± 0.01%. This 
may be attributed to the alginate coating process, during 
which ATX molecules located outside the liposome 
vesicles were also entrapped by the polymer layer when 
the suspension was added to the alginate solution [40].  
 From the overall characterization results, NA-
ATX-Lip was shown to be superior to ATX-Lip. 
Polymer adsorption was chosen over the layer-by-layer 
LbL technique due to its simplicity, mild processing 
conditions, and ability to maintain the liposome 
structure to prevent vesicle leakage. This approach 
allows direct electrostatic interaction between the 
alginate and the liposome surface, resulting in adequate 
surface stabilization without the need for repeated 
washing steps required in LbL coating. 
 To validate the successful formation of the 
alginate monolayer, morphological analysis was carried 
out using transmission electron microscope (TEM).
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Table 1 Characterization results of particle size, PDI, Zeta potential and % EE of ATX-Lip. 
Formula PSA value (nm) Polydispersity index (PI) Zeta potential (mV) %EE 

F1 48.97 ± 2.86 0.6343 ± 0.12 –18.57 ± 0.61 77.77 ± 0.37 

F2 213.90 ± 9.21 0.6940 ± 0.04 –17.61 ± 0.24 62.89 ± 0.38 

F3 333.37 ± 3.98 0.6675 ± 0.04 –14.25 ± 0.61 56.21 ± 0.55 
Note: Table 1 presents the characterization of uncoated ATX-Lip formulations (F1 - F3), while Table 2 compares the 
optimized ATX-Lip formulation with its sodium alginate-coated counterpart (NA-ATX-Lip). Both tables are presented 
separately to maintain clarity due to different formulation categories. 
 
Table 2 Characterization Results of Particle Size, PDI, Zeta Potential and % EE of NA-ATX-Lip. 

Formula PSA value (nm) Polydispersity index (PI) Zeta potential (mV) %EE 

ATX-Lip 48.97 ± 2.86 0.6343 ± 0.12 -18.57 ± 0.61 77.77 ± 0.37 

NA-ATX-Lip 73.40 ± 1.36* 0.48 ± 0.01* -44.90 ± 0.1* 87.03 ± 0.01* 
Note: Data are presented as mean ± standard deviation (n=3); *significance level of p-value < 0.05. 
 

 
Figure 3 Results of morphological analysis (a) ATX-Lip and (b) NA-ATX-Lip calculated using transmission electron 
microscopy (TEM). 
 
 The structural morphology of the ATX-Lip and 
NA-ATX-Lip formulas (Figure 3) was described using 
a transmission electron microscope (TEM). ATX-Lip 
appeared spherical and distributed in the NA-ATX-Lip 
monodisperse system, showing a difference compared to 
ATX-Lip, with the presence of an additional layer 
indicating the success of the coating process with 
alginate [41]. The diameter observed through TEM was 
also close to the diameter results measured using a zeta 
sizer. 
 
 In Vitro drug release 
 In the release test (Figure 4), unmodified ATX 
produced the lowest release percentage. This finding is 
primarily attributed to the fact that ATX is classified as 
BCS Class II compound, characterized by low solubility 

and high permeability [42]. Meanwhile, ATX modified 
with liposome nanocarriers showed a much higher 
release. This increase can be caused by the nanoscale 
size of the liposome formulation [43]. The reduced 
particle size provides a larger surface area, thereby 
enhancing the apparent solubility and dissolution of 
ATX, which ultimately improves its release profile.
 The higher release rate of ATX-Lip compared to 
NA-ATX-Lip can be attributed to the absence of an 
alginate coating, resulting in a shorter diffusing pathway 
for ATX from the liposomal core to the release medium. 
In constrast, NA-ATX-Lip exhibits a more sustained 
release profile, most likely due to the presence of a 
polymer layer surrounding the liposome. This layer acts 
as a barrier, which gradually releases the drug and 
supports a controlled release rate in NA-ATX-Lip [44]. 
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Figure 4 In vitro release of unloaded astaxanthin (ATX), astaxanthin liposomes (ATX-Lip), and alginate-coated 
astaxanthin liposomes (NA-ATX-Lip) in phosphate buffer (pH 7.4). Data are presented as mean ± standard deviation 
(n=3). 
 
Table 3 The correlation coefficient of four release kinetic models of ATX, ATX-Lip and NA-ATX-Lip. 

Model 
Formula 

ATX ATX-Lip NA-ATX-Lip 

Zero-order equation 0.8161 0.9577 0.9018 

First-order equation 0.8122 0.9740 0.9257 

Higuchi equation 0.7192 0.9286 0.9717 

Korsmeyer-Peppas 0.6058 0.8534 0.8673 
 
 As shown in Table 3, ATX demonstrates the best 
fit with the zero-order model (R² = 0.8162), reflecting a 
constant linear release pattern, unaffected by the matrix 
development or polymeric structure processes. ATX-
Lip, on the other hand, shows the best fit with the first-
order model (R² = 0.9740), indicating that the drug 
release is governed by diffusion through the lipid matrix 
due to the microporous structure of the liposomes. For 
the NA-ATX-Lip formulation, the most appropriate 
model is the Higuchi equation (R² = 0.9717), which 
suggests that the release of astaxanthin from NA-ATX-
Lip is predominantly driven by diffusion through the 
sodium alginate matrix, allowing for a more regulated 
and controlled release [45]. Therefore, the NA-ATX-Lip 
formulation shows the greatest potential for controlled-
release applications, in which a more consistent and 
sustained release is desirable. 
 

 Antioxidant activity test 
 The IC50 values presented in Figure 5 indicate 
that the best antioxidant activity is produced by NA-
ATX-Lip with the smallest IC50 value. The 
effectiveness of NA-ATX-Lip can be attributed to the 
gradual release mechanism and increased solubility of 
ATX by the formation of nano-size. Encapsulation of 
ATX into liposomes, followed by alginate coating, can 
protect ATX from degradation [17]. Alginate contains 
hydroxyl groups (-OH) which can act as electron donors 
that can neutralize DPPH [46] The increase in 
antioxidant activity in the NA-ATX-Lip formula is also 
influenced by improvements in its physicochemical 
characteristics. A lower PDI value indicates a more 
uniform particle distribution, resulting in more efficient 
interaction with free radicals. An increased zeta 
potential value indicates better colloidal stability due to 
stronger electrostatic repulsion, which helps prevent 
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aggregation and degradation of antioxidants. 
Furthermore, an increase in entrapment efficiency of 
9.32% indicates more astaxanthin is protected within the 
liposomal vesicles, resulting in higher and more stable 
antioxidant activity compared to ATX-Lip. Although 

NA-ATX-Lip exhibited higher IC₅₀ than ascorbic acid, 
it demonstrated markedly improved antioxidant activity 
compared with the uncoated liposomes, indicating that 
alginate surface modification effectively enhanced the 
radical scavenging efficiency of astaxanthin.

 

 
Figure 5 IC50 for antioxidant activity. 
 
 Storage stability test 
 Figure 6 illustrates the stability profiles of ATX-
Lip and NA-ATX-Lip formulations, as evaluated 
through various physicochemical parameters over 30 
days of storage at room temperature (RT) and 4 °C. The 
particle size analysis showed that ATX-Lip experienced 
an increase in diameter after storage, particularly at 
room temperature, while NA-ATX-Lip remained more 
stable. Liposome degradation can result from the direct 
catalytic action of lipase, which hydrolyzes lipid 
molecules by cleaving the fatty acid chains from the 
lipid backbone, thereby increasing membrane 
permeability and causing vesicle leakage [47]. 
 The zeta potential results revealed that both 
formulations carried negative surface charges, and the 
magnitude of the zeta potential decreased over the 
storage period, particularly under room temperature 
conditions, indicating a reduction in the electrostatic 
stability of the liposomal systems. The polydispersity 

index (PDI) remained relatively consistent for both 
formulations, with only a slight increase observed after 
storage, particularly at room temperature. Since the PDI 
values stayed below 0.7, the liposomal dispersions 
maintained acceptable size uniformity. Meanwhile, the 
encapsulation efficiency (%EE) of ATX-Lip slightly 
decreased after 30 days at room temperature but was 
better preserved at 4 °C. In comparison, NA-ATX-Lip 
exhibited higher and more stable encapsulation 
efficiency across both conditions. Overall, these results 
indicate that storage at 4 °C is more favorable for 
maintaining the physical and chemical stability of the 
liposomal formulations. Moreover, the incorporation of 
alginate appears to enhance the protective capacity of 
the system, reducing degradation and structural 
alterations during storage. This is in line with previous 
studies, alginate-coated liposomes containing collagen 
peptides also showed increased storage stability within 
one month [18].
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Figure 6 Stability test result of ATX-Lip and NA-ATX-Lip at Room Temperature (RT) and 4 °C for 28 Days (a) Particle 
Size (b) Zeta Potential (c) Polydispersity Index (d) % EE. Data are presented as mean ± standard deviation (n = 3); * 
significance level of p-value < 0.05; and # insignificance level of p-value > 0.05 compare with H0. 
 
 
Conclusions 
 The present study demonstrated that surface 
modification of ATX-Lip with alginate (NA-ATX-Lip) 
effectively improved their physicochemical stability and 
antioxidant performance. The alginate-coated 
formulation exhibited an increased zeta potential from 
−18.57 ± 0.61 mV to −44.90 ± 0.10 mV, indicating 
enhanced electrostatic stabilization due to the negatively 
charged –COO⁻ groups of alginate. The encapsulation 
efficiency also increased from 77.77 ± 0.37% to 87.03 ± 
0.01%, confirming stronger drug retention within the 
vesicles. Additionally, the lower polydispersity index 
(0.48 ± 0.01) of NA-ATX-Lip reflected improved 
uniformity and colloidal stability. These improvements 
correlated with the research objective of enhancing 
antioxidant stability and storage performance. Overall, 
alginate surface modification via polymer adsorption 
represents an efficient approach for improving the 
structural integrity of ATX-Lip during storage at 4 °C. 
Future studies should investigate the bioavailability and 

in vivo antioxidant performance of NA-ATX-Lip 
formulations. 
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